High quality optical thin film materials form a basis for on-chip photonic micro-and nano-devices, where several photonic elements form an optical circuit. Their realization generally requires the thin film to have a higher refractive index than the substrate material. Here, we demonstrate a method of depositing amorphous 25% Si doped TiO2 films on various substrates, a way of shaping these films into photonic elements, such as optical waveguides and resonators, and finally, the performance of these elements. The quality of the film is estimated by measuring thin film cavity Q-factors in excess of 10 5 at a wavelength of 790 nm, corresponding to low propagation losses of 5.1 db/cm. The fabricated photonic structures were used to optically address chromium ions embedded in the substrate by evanescent coupling, therefore enabling it through film-substrate interaction. Additional functionalization of the films by doping with optically active rare-earth ions such as erbium is also demonstrated. Thus, Si:TiO2 films allow for creation of high quality photonic elements, both passive and active and also provide access to a broad range of substrates and emitters embedded therein. 
Introduction
Nanoscale fabrication of optical waveguide structures offers a wide range of opportunities spanning from onchip photonic devices for optical networks to sensor applications. At the heart of such devices commonly lies a certain functionality that can be readily interfaced with other components, and be included into sophisticated architectures as it is standard with silicon-on-chip technology [1] . Material systems hardly compatible with silicon photonics, such as YAG, YSO or sapphire crystals, can host a large variety of emitters with applications ranging from quantum communication [2] [3] [4] and quantum memories [5, 6] to lasing materials [7, 8] . To exploit their potential in a scalable architechure, these substrates need to be * t.kornher@physik.uni-stuttgart.de enabled by a waveguiding platform. Previously demonstrated photonic structures in these materials based on femtosecond laser-writing share common drawbacks like a low refractive index contrast between waveguide and substrate [9] . The corresponding increase of the minimum feature size of photonic elements by up to two orders of magnitude makes this technology unpractical for the field of cavity quantum electrodynamics (CQED) and nanoscale photonics in general.
An alternative way to realize a waveguiding platform is the deposition of a high refractive index thin film on top of these substrate crystals, which then provides onchip access to these systems through evanescent light fields [10, 11] coupling to embedded emitters. Moreover, this approach leaves the substrate crystal untouched from processing and preserves the spectroscopic properties of embedded emitters [12] .
In the visible range, titanium dioxide (TiO 2 ) features the highest refractive index out of a variety of transparent thin film materials, thus allowing for waveguiding on the majority of transparent substrates. Additionally, it has a wide transparency range covering the whole visible and near-infrared spectral regions. Shaping the deposited TiO 2 film into photonic elements can then be conveniently done by reactive ion etching (RIE) [13] . The deposited TiO 2 films often tend to form nano-crystallites which lead to significant scattering and, therefore, to substantial optical losses [14, 15] . The best performance is typically shown by amorphous TiO 2 films featuring a refractive index between 2.3 and 2.4 [15] [16] [17] [18] [19] . In order to preserve the amorphous composition of the film, special precautions have to be taken. In the present work, we report on Chemical Beam Vapour Deposition (CBVD) of high optical quality Si:TiO 2 film whose amorphous state is preserved by doping with silicon [20] . The amorphisation of deposited TiO 2 with Si doping was already reported [21] , and a more recent detailed study of amorphisation of Nb:TiO 2 thin films by doping with Si is reported elsewhere [22] . Even though this doping leads to a slight decrease in the refractive index of the film, in agreement with results achieved with other Chemical Vapour deposition techniques [23] , the index is still high enough to support waveguiding on highindex optical crystals such as YAG and sapphire. On the other hand, Si doping keeps the TiO 2 from forming nanocrystallites even at elevated temperatures up to 650
• C, resolving the inherent thermal instability of amorphous TiO 2 films to some extent [24] .
The optical performance of the film was assessed by fabricating whispering gallery mode (WGM) cavities and measuring their Q-factor. The latter was in excess of 10
5 . Evanescent coupling to fluorescent spots in the substrate material can be shown and also additional functionality can be added to the Si:TiO 2 film by doping it with fluorescent rare-earth ions, such as erbium. This shows the potential of Si:TiO 2 nanophotonic structures to also act as active elements within photonic devices.
Deposition of Si:TiO 2 combinatorial film
Oxide thin films were deposited by CBVD, as described in detail elsewhere [21] . The CBVD process makes use of thermal decomposition of organometallic precursors on a heated substrate in a high vacuum environment (≤ 10 −3 Pa). These precursors impinge upon the substrate as molecular beams and do not undergo any gas phase reaction. Deposition was conducted on epi-polished YAG crystals (CrysTec) and quartz for functional characterization and on Si and glass wafers for material characterization. The liquid organometallic precursors used during the present investigation were titanium tetraisopropoxide (Ti(OiPr) 4 , CAS 546-68-9 evaporated from a reservoir at 32
• C) and tetrabutoxysilane (Si(OnBu) 4 , CAS 4766-57-8, evaporated from a reservoir at 65
• C). The Ti and Si precursor flows were homogeneously distributed on the substrate (the flow ratio of precursors was estimated as Si/Ti=1.1). The substrate temperature during the deposition was kept at 500
• C. Under these conditions, the Si doping in the film (defined as Si/(Si+Ti) ratio) was about 25% (as measured by SEM-EDX) and the growth rate was about 10 ± 2 nm/min. Before starting the deposition, the chamber was pumped to a base pressure of 5×10 −4 Pa. A liquid nitrogen-cooled cryo-panel helped to maintain a pressure below 2×10 −3 Pa during the deposition. The morphology and the chemical composition of the thin films were investigated by SEM-EDX using a Merlin SEM and in TEM cross-section using a Tecnai Osiris microscope. From cross-sectional TEM images, we can estimate the average thickness of deposited films and their growth morphology. Typical images of characterized films are presented in Figure 1 Within the transparency window of the film starting roughly at 400 nm and extening all the way to the infrared, the refractive index ranges between 2.3 and 2.1.
Structuring Si:TiO 2 films
In order to assess the optical quality of the film, we fabricated monolithic optical WGM resonators and tested the width of their resonances. The resonators were microrings evanescently coupled to a nearby optical waveguide through which excitation light was supplied.
The patterning was done by standard RIE with a Ni mask defined by e-beam lithography. RIE of Si:TiO 2 was performed in an atmosphere of Ar/CF 4 /O 2 with the respective flow rates 4/16/3 sccm and the RF power being 100 W [26] . The process pressure was 15 mTorr and the total time required to etch through 535 nm of Si:TiO 2 was 24 minutes. After etching, the nickel mask was still present indicating that the etching selectivity was better than 1:11. The residual nickel mask was removed by dissolving the metal in an aqueous 1M solution of nitric acid. In order to remove damage introduced into Si:TiO 2 films by ion bombardment during plasma etching, the resulting structures were annealed in air for 4 hours at 500
• C. However, annealing the film at temperatures above 800
• C leads to a visual change of the film, suggesting recrystallization. Sample SEM images of the resulting structures are shown in Figure 2 . The radius of the WGM resonator was 8 µm while the length of the waveguide was 25 µm. The distance between the resonator and the waveguide was around 400 nm.
Optical characterization of waveguides and resonators on various substrates
In the following, waveguides and resonators were fabricated out of Si:TiO 2 thin films on two different substrates, namely YAG and silica with a refractive index of 1.82 and 1.45 at 790 nm, respectively. Studies of the optical performance of waveguides and cavities were performed in a home-built confocal microscope with an additional ability of scanning the detection point in the vicinity of the position of the excitation laser focus [27] . Its schematic is shown in Figure 3 a) . The excitation laser was focused onto the sample with a high numerical aperture objective lens (Olympus 0.95×50). A YAG crystal (Y 3 Al 5 O 12 ) was doped with chromium by ion implantation through a perforated copper mask with an average hole diameter of ≈400 nm. With an energy of 100 keV and a dose of 10 12 cm −2 , Cr ions end up in the YAG crystal in a depth of ≈ 56 ± 22 nm according to SRIM simulations [28] . A Si:TiO 2 film was subsequently deposited and shaped into waveguides in order to asses waveguiding and evanescent coupling of waveguided light to shallow implanted Cr-doped spots. Cr fluoresence of implanted spots could be detected close to 700 nm un- der excitation with 600 nm light as shown in the confocal scan in Figure 3 b ). Since the refractive index of YAG is smaller than the index of the film, waveguiding could be observed. Incoupled light traveling within the waveguide was able to evanescently excite Cr implanted spots as shown in the tilting mirror scan in Figure 3 c) . Here, the excitation laser position was kept stationary coupling light into the left end of the waveguide. By scanning the point of detection with the tilting mirror, not only the excitation laser position yields signal, but also implanted Cr spots light up, which are embedded below the waveguide extending to the right. This confirms the evanescent coupling of light between fabricated waveguide and emitters in the substrate. In combination with high quality resonators, this film-substrate interaction has the potential to facilitate CQED experiments with rare-earth ion doped crystals [12] .
For characterizing fabricated Si:TiO 2 resonators on glass substrates, the widths of the cavity resonances were studied with a single frequency tunable diode laser (Top- The left end of the waveguide was used as input and the cavity mode is visualized by the residual scattering of the laser being in resonance. Tunable blue diode laser was used for visualization. b) The spectral shape of the cavity mode was obtained by sweeping a single-mode laser through the cavity resonance. c) Typical mode spectrum of the studied resonator geometry between 780 nm and 800 nm obtained with a broadband light source. Mode width measurement is limited by the resolution of the spectrometer for the fundamental mode.
tica DL Pro). The laser could be tuned coarsely over the range of 770-800 nm with a mode-hop-free fine tuning range of 30 GHz. The spectral width of the laser was below 1 MHz. Laser output was inserted into one of the ends of the optical waveguide and its frequency was swept while monitoring the scattered emission at the rim of the cavity. The rim lit up once the laser was in resonance with one of the cavity modes due to residual scattering on the imperfections of the structured film (see Figure 4 a) ). This scattering was detected as a function of laser frequency to estimate the spectral width of the mode. The result of the spectral measurements is shown in Figure 4 b). The estimated mode width was 2.6 GHz as the laser was finely swept around 787.89 nm wavelength. This value corresponds to the quality factor of Q ≈ 146000. For this specific resonator geometry with an outer resonator radius of R = 8 µm, a film thickness of 535 nm and a rim width of 2 µm, the mode spectrum was measured with a broadband light source in a wavelength region between 780 nm and 800 nm in order to extract the free spectral range (FSR) of ∆λ FSR = 5.60 nm for the fundamental mode. Including the refractive index measurement, our corresponding finite element method based simulation can confirm the measured FSR for the fundamental mode in this resonator geometry. The respective resonator sketch and the electric field profile of the mode is shown in Figure 5 . With the FSR measurement around 790 nm, the group index of 2.18 was estimated by n g ≈ λ 2 /(2πR · ∆λ FSR ). Based on the quality factor measurement and the group index estimation, propagation losses α in fabricated waveguides of 5.1 dB/cm were estimated by α = 2πn g /Qλ. 
Doping of Si:TiO 2 resonators with erbium
Another way of adding functionality to the thin film, specifically to the fabricated thin film resonators, is by optical activation with fluorescent species. We have chosen rare-earth (RE) doping due to robust optical properties of RE ions in most crystalline and glassy transparent media. RE doping can be performed by ion implantation with very high yield of fluorescent species [29] . In addition, optical materials doped with erbium exhibit strong upconverted fluorescence in the visible once excited in the infrared. This makes erbium doping conveniently detectable. The Si:TiO 2 film on glass was implanted with erbium ions of 2 MeV energy and with a dose of 10 leads to an erbium doping inside the Si:TiO 2 film in a depth of ≈ 350 ± 78 nm, corresponding to a maximum local density of 5 · 10 18 cm −3 [28] . Immediately after the implantation, the appearance of the film was changed from pink to grey, probably, due to implantation-induced damage. At this point no upconverted fluorescence from Er 3+ ions was detected. Post-implantation annealing in air at 500
• C for 4 hour heals out the implantation damage and, at the same time, activates erbium emission. After annealing, the film restored its original color. At the same time, strong green upconverted fluorescence of erbium ions could be detected under the excitation with red (650 nm) and infrared (800 nm) laser light. The spectrum of the upconverted emission is shown in Figure 6 a), in good agreement with other works on erbium in glassy environment [30, 31] .
The film was shaped to form whispering gallery mode cavities with 5 µm radius coupled to straight waveguides as described above (see Figure 6 b) . The upconversion resonances of Er 3+ in glassy environment are broad (≈10 nm), therefore, several infrared cavity modes could lead to upconverted fluorescence. Once the infrared excitation laser is tuned in resonance with one of such modes, green fluorescence on the rim of the WGM cavity lights up (see Figure 6 c, the excitation laser is filtered out). The spectrum of the fluorescence collected at one of the waveguide ends shows its mode structure as indicated in Figure 6 d ).
Conclusion
We have demonstrated a method of depositing low loss high index Si:TiO 2 films on different substrates such as glass, sapphire, and YAG. For most substrates, the refractive index of the film is high enough to support waveguiding and also evanescently excite shallow fluorescent centers within the substrate material. We have also shown a way of structuring the film to form on-chip photonic elements such as waveguides and resonators. The low propagation loss of 5.1 db/cm results in a high Q-factor of the resonators (1.5×10
5 at 800 nm) and underlines the potential for CQED application in connection with rare-earth ion doped crystals for example. Finally, due to the increased thermal stability of this film when compared to TiO 2 , we could demonstrate further optical functionalization of the film by doping with fluorescent rare-earth species (erbium). These results show how the silicon doped titania film can be applied to on-chip photonics in various ways.
